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ABSTRACT 
The Sensor Research Laboratory at the Naval Postgraduate School has developed 
a MEMS direction finding sensor that makes use of capacitance comb fingers in order to 
detect and localize frequencies near 1.4 kHz. The capacitance comb fingers have proven 
brittle and are prone to breaking when subjected to viscous, non-uniform environments or 
large sound pressure levels. Lead Zirconate Titanite, abbreviated to PZT, is a robust and 
durable piezoelectric ceramic used for sensing in many MEMs devices. This thesis will 
investigate whether it is possible to characterize and develop a usable PZT thin film for 
the eventual replacement of the capacitance comb fingers in the DF sensor. 
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I. BACKGROUND 
A. HUMAN SOUND LOCALIZATION 
Humans can localize the direction of sound sources via the Interaural Time 
Difference and Interaural Intensity Difference within a pair of ears. The Interaural Time 
Difference (ITD) is the difference in arrival time for a periodic sound wave between the 
right and left eardrums [1]. For low frequency sound waves (typically 0–900 Hz), the ITD 
is determined by measuring the phase difference of the sound wave measured at the right 
eardrum and left eardrum- this is coined the phase delay. In this case, phase difference is 
measured in radians and phase delay is measured in units time. However, the human 
auditory system is unable to determine the phase delay for frequencies larger than 900 Hz. 
At this frequency the ½ wavelength of sound in air is 19 cm. For a male, the average width 
between eardrums, the biauricular width, is 18.9 cm [2]. Since the ½ wavelength of the 
incident sound is smaller than the biauricular width, the auditory system cannot provide an 
accurate determination of direction using phase delay. For higher frequency sound (1000-
1500 Hz), the ITD is determined by calculating the difference in arrival time between the 
eardrums for a sound wave envelope. This is described as the group delay [3]. For high 
frequency sound (2000-20,000 Hz), the auditory system uses the Interaural Intensity 
Difference for localization, which is the difference between incident sound intensity 
between each eardrum. High frequency sound that travels through the cranial cavity from 
one eardrum to the other is subject to high attenuation, especially so for higher frequencies, 
and arrives at the other eardrum with a measurably lower acoustic intensity [1]. This 
intensity difference is then used to determine the direction of the sound source. 
B. MILITARY GUNFIRE LOCATORS 
The U.S. Army currently employs several directional sensors to detect small arms 
and sniper fire in urban and rural warfighting environments that make use of time 
difference and intensity difference, like the human auditory system [4], [5]. One of these 
sensors is Raytheon’s Boomerang III, a microphone array capable of detecting greater than 
95% of incoming supersonic projectiles and resolving both their bearing and elevation to 
2 
an error of less than 2.5 degrees [6]. The sensor is both robust and durable. It can operate 
on all-terrain vehicles moving up to 60 mph and operate effectively in all possible 
environmental conditions including sandstorms and snowstorms. However, because the 
sensor makes use of arrival time and intensity differences, it is bulky by design. The device, 
power source, and display weigh 15 pounds in total. Additionally, the sensor is 22 inches 
in diameter and must be affixed to a three-foot mast [6]. Figure 1 shows the Boomerang III 
sensor affixed to the top of a Marine Corps Humvee. 
Figure 1. Raytheon Boomerang III Sensor. Source: [6]. 
The size and positioning of sensor make it especially vulnerable to enemy gunfire 
and explosives. In order to reduce the size of the sensor, it is necessary to shift away from 
conceptual designs that mimic the human auditory system and investigate other biological 
systems. The Ormia ochracea, a small fly found in Mexico, has an auditory system 
possessing the desirable characteristics [7]. 
C. ORMIA OCHRACEA 
The Ormia ochracea is a small, parasitoid fly that lays its eggs on the back of male 
field crickets. The larvae hatch after a 7–10 day incubation period and then consume the 
cricket [8]. The Ormia ochracea is attracted to the field crickets’ mating song; this song is 
3 
monotonic in nature and is produced at a frequency of 4.8 kHz with a wavelength of  
7 cm [7]. The biauricular width of the fly is 1.5 mm; as a consequence, the fly cannot 
directionalize using ITD, because the wavelength of incident sound is greater than the 
biauricular distance, nor IID, because the intensity difference between eardrums is 
negligible due to the small eardrum separation width [7]. Despite being unable to take 
advantage of time delay or pressure differences, the fly can accurately directionalize and 
locate the source of the cricket song. It does so by making use an intertympanal bridge, as 
seen in Figure 2, that works to mechanically couple the fly’s two eardrums together with a 
seesaw mechanical configuration, illustrated in Figure 3 [9].  
 
The red line covers the length of the biauricular distance- 1.5 mm. The red arrow indicates 
the position of the tympanal bridge, which acts on the pivot point like a dual-cantilever 
device.  






(A) Closeup of tympanal Bridge. (1) and (2) label the respective tympanal membranes 
which are analogous to the load in the dual cantilever device. (3) labels the tympanal pit, 
the pivot point of the cantilever system. (B) Visual representation of the rocking mode, 
bending mode, and superposition of the two modes respectively. (C) Mechanical analogue 
of tympanal bridge. 
Figure 3. Mechanical Representation of Tympanal Bridge. Source: 
[10]. 
When subjected to incident sound pressure, the tympanal rods can rock 180 degrees 
out of phase with each other like a seesaw, bend in phase with each other symmetrically 
with respect to the tympanal pit, or exhibit a superposition of the rocking and bending 
motions [9]. Sound that is normally incident upon the tympanal bridge will purely excite 
the bending mode as that equal, periodic forces are applied to the tympanal membranes, 
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which act as the mechanical loads. Sound that isn’t normally incident upon the bridge can 
excite the rocking mode in addition to the bending mode as that the periodic forces being 
applied to the membranes are out of phase with each other. The bending mode and rocking 
modes also possess separate resonance frequencies, with the rocking mode resonant 
frequency being lower than the bending mode resonant frequency. Since the angle of 
incidence and frequency in part determine the magnitude of the rocking mode and bending 
mode responses, the fly can uniquely determine the bearing of the cricket by evaluating the 
difference between the magnitude of the bending mode and rocking mode responses [8]. 
D. NPS BIO-INSPIRED DIRECTIONAL SENSOR 
Researchers at NPS have created a micro-electromechanical directional sensor, or 
MEMs DF sensor for short, that uses two coupled wings and a fixed bridge to mimic the 
operation of the Ormia Ochracea tympanal bridge. The sensor was designed to operate at 
its bending resonance frequency- 1.69 kHz. The length of the bridge is 3 mm and the area 
of each wing is 1.44 mm2 [11]. Additionally, as seen in Figure 4, the sensor uses a 
interdigitated finger capacitance system to electronically detect wing oscillation.  
 
The sensor wings (1), are connected via the bridge and torsional legs (2). The comb finger 
capacitors (3) are measured against fixed capacitors (4). (From (7)). 
Figure 4. Micrograph of the MEMs DF Sensor and SEM image of 
Interdigitated Comb Finger Capacitors. Source: [11]. 
6 
The sensor possesses cosine dependence, and as such, is unable to resolve the 
directional ambiguity of acoustic waves that are symmetric along its normal axis [11]. In 
their paper “Direction Finding Using Multiple MEMs Acoustic Sensors” NPS researchers 
demonstrated a dual-canted sensor assembly, shown in Figure 5, that resolved the cosine 
ambiguity and allowed the system to detect acoustic sources over a 120° range with an 
average uncertainty of 1.65° [1]. The sensor relies upon Interdigitated Comb Finger 
capacitance circuitry as a readout system for determining oscillatory wing movement [11]. 
Capacitance comb fingers are etched into the moving wings and to the fixed substrate. In 
ideal conditions, when wing comb fingers and substrate comb fingers are parallel and 
aligned, the capacitance is maximized. As the sensor wings move up or down through the 
substrate, the capacitance between the comb fingers decreases as the shared area between 
the two capacitor plates decreases [12]. As the sensor wing moves back through the 
substrate, the shared area between the two capacitor plates increases. By measuring the 
amplitude and phase oscillations of the measured capacitance, converting the capacitance 















− +Θ ≤ Θ ≤ −Θ 
 (1) 
where VL and VR are the measured voltages of the left and right sensors, θ off is the canted 
angle between the sensors, and θ  is the bearing of the target normal to the sensor axis. 
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Target coverage is measured from -90 + θ off  to 90 - θ off 
Figure 5. DF Sensor Arrangement. Source: [11]. 
While the interdigitated comb fingers work appropriately in air, they are brittle and 
prone to fracturing when exposed to viscous, non-uniform environments. Furthermore, as 
the gap between fingers is small (~2 μm), damping causes significant performance 
constraints. To design a more robust sensor, it is necessary to replace the delicate 
interdigitated comb fingers with a more durable sensing material. 
E. THE PIEZOELECTRIC EFFECT AND LEAD ZIRCONATE TITANITE 
Lead Zirconate Titanite was chosen as a potential replacement for the interdigitated 
capacitance comb fingers as that it is a durable, piezoelectric material suitable for MEMS 
devices that are oscillators. Additionally, Lead Zirconate Titanite, PZT for short, has been 
used in thousands of underwater sensing devices and has been proven to work effectively 
as a sensing and actuating element in turbid, viscous environments [13]. 
1. Piezoelectric Effect 
PZT is an ideal material for acoustic directional sensing as it exhibits the 
piezoelectric effect when subjected to an external stress or applied electric field. When 
certain materials are subjected to a mechanical stress, a measurable electrical charge can 
accumulate in the material [14]. This property is known as the Piezoelectric effect. Quartz, 
topaz, and a few other naturally-occurring crystals possess non-centrosymmetric lattice 
structures which lend them their piezoelectric properties [14]. When centrosymmetric 
crystals are subjected to an external stress, the crystal unit cell will become strained and 
expand or contract uniformly. When a non-centrosymmetric crystal is subjected to an 
8 
external stress, the crystal cell will not experience the same uniformity in deformation or 
expansion like a centrosymmetric crystal as illustrated in Figure 6. These orientations can 
generate dipole moments when subjected to stress, and if the material is adequately 
polarized, then the dipole moments will align and produce a measurable voltage when 
subjected to an external force [14]. 
 
A quartz hexagonal unit cell produces an oscillatory voltage when subjected to a time 
varying compression and tension. When subjected to tension or compression, the centrally 
aligned negative and positive ions are pushed away from equilibrium, producing a 
measurable electrical potential difference across the material 
Figure 6. Piezoelectric Effect in Quartz Unit Cell. Source: [15]. 
A fundamental aspect to piezoelectricity is the inverse piezoelectric effect. When 
an external electrical field is applied to a piezoelectric material, the material will be strained 
in a direction determined by its crystal orientation and polarization [14]. Many 
piezoelectric materials can be used as reciprocal transducers, converting mechanical energy 
to electrical energy and vice versa with the same sensitivity. The piezoelectric relations can 
be expressed as: 
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 E tS s T d E= +  (2) 
 
TD dT Eε= +  (3) 
where S is the strain vector, T is the stress vector, E is the applied external field, and D is 
the electric displacement vector. sE is the compliance matrix, εT  is the dielectric matrix, d is 
piezoelectric strain matrix, and dt is the transpose of d. If stress is absent when a field is 
applied to a piezoelectric material or if an applied external field is absent when stress is 
applied, equations 2 and 3 reduce to: 
 
 tS d E= , (4) 
 
 D dT= . (5) 
These equations demonstrate the reciprocity of an isotropic piezoelectric 
transducer. As a result of reciprocity, piezoelectric transducers will demonstrate the same 
directional pattern as either a projector or a receiver [14]. The coefficients in the 
piezoelectric strain matrix are measured in coulombs per newton, or induced polarization 
per applied unit stress. The coefficients most relevant to this paper are d33, the polarization 
in direction 3 per applied unit stress in direction 3, and d31, the polarization generated in 
direction 3 per unit stress applied in direction 1 [16]. The polarization and crystal 
orientation are illustrated in Figure 7. The units of the piezoelectric coefficient can be 
measured in picometers per volt when measuring the expansion or contraction of a 




Figure 7. Crystal Orientation Axis and Polarization Direction. 
Source: [16] 
2. Lead Zirconate Titanite  
A commonly used piezoelectric material in hydrophones and other underwater 
pressure sensors is lead zirconate titanite [13]. PZT, compared to other piezoelectric 
materials, is durable, robust, and able to operate in high temperatures and viscous 
environments while being able to maintain a high sensitivity [14]. Its role as a piezoelectric 
material is dynamic; it is used in large scale SONAR systems or thin-film MEMS devices. 
Its chemical formula is Pb[ZrxTi1−x]O3 (0≤x≤1). A commonly used and well-studied 
composition of PZT is PbZr0.52Ti0.48O3; this is the composition of the PZT used in this thesis. 
This composition allows for the maximum number of crystalline domain states including 
the preferred tetragonal [100] and rhombohedral [111] orientations [17]. The crystal 
orientations of PZT will be discussed further in Chapter IV.  
For thin-film applications, PZT can be synthesized into a sol gel, which is a solution 
that is colloidal at room temperature but hard after drying and baking at high temperatures. 
A benefit to the sol gel deposition process is that a uniform, crack-free layer of thin film 
PZT can be produced at low cost via spin coating. Additionally, the thickness and 
orientation of the thin film PZT can be controlled by two factors- spin coat processing 
speed and baking temperature [17].  
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3. Determination of Piezoelectric Coefficient via Cantilever Beam 
Deflection 
After a thin film of PZT has been deposited to a silicon wafer, small cantilevers can 
be micromachined into the silicon substrate and can be used to characterize different 
properties of PZT. For instance, cantilever beam deflection, demonstrated in Figure 8, can 
be used to determine d31, the polarization generated in direction 3 per unit stress applied in 
direction 1. When a voltage is applied to the poled ends of a piezoelectric cantilever, the 
beam will become strained along the length of its beam and the beam will deflect out of its 
horizontal plane. This is illustrated in Figure 8. Similarly, when stress is applied to the face 
of the cantilever beam it will deform under pressure and again deflect out of its horizontal 
plane.  
 
δ is the cantilever deflection, F is the force applied to the bottom face of the cantilever, and 
the red circled area highlights the region of max stress. 
Figure 8. Cantilever Deflection Under Constant, Applied Stress 
In both cases, measuring the height of deflection of the cantilever tip and plotting 
this height against the magnitude of the applied or generated voltage allows for the 
piezoelectric coefficient to be extracted from the resultant slope. The following equation 
12 
describes the relationship between the cantilever’s max deflection, applied or generated 
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+ + + +
, (6) 
where δ is the cantilever deflection, d31 is the piezoelectric coefficient measured in 
picometers per volt, ss is the compliance of the substrate, sp is the compliance of the 
piezoelectric material, ts is the thickness of the substrate, tp is the thickness of the 
piezoelectric material, L is the length of the cantilever, and V is applied or generated 




II. MATERIAL SELECTION AND MEMS DESIGN 
A. MATERIAL SELECTION 
Mitsubishi Materials PZT-N solution (110/52/48) was chosen as the PZT sol gel 
for characterization and testing due to its ability to form crack free, non-porous layers with 
thicknesses as large as 250 nanometers per deposition [17]. The thickness of a typical sol-
gel deposition layer is usually limited to 100 nanometers or less to prevent cracking [19]. 
Ten depositions and five annealing steps would be required to produce a thick film with a 
thickness of 1 micron or greater. The Mitsubishi PZT-N sol-gel reduces the number of 
coating cycles from ten to four, thus creating cost savings in both time and energy 
expenditures as well as reducing the possibility of contamination during repeated annealing 
steps. 
The composition of the sol gel is Lead: Zirconate: Titanite = 110: 52:48. Because 
the ratio between Zirconate and Titanite is 52:48, the sol-gel will exhibit the maximum 
number of crystalline domain states following deposition and heat treatment annealing. 
The sol-gel will be spin-coated onto a 4-inch polished Si wafer with a thickness of 
525 µm. 50 nanometer layers of silicon oxide serve as buffer layers protecting the silicon 
substrate. The sol gel will be spin coated onto a platinum electrode which adheres to the 
silicon-oxide wafers via a 50 nanometer film of titanium. A 200 nm aluminum layer is then 
deposited on top of the PZT layer and acts as both a mask and electrode. Table 1 







Table 1. Wafer Layer Materials and Thicknesses 
Layer Material Thickness 
7 Al 200 ± 10 nm  
6 PZT 1 µm ± 100 nm 
5 Pt 50 ± 10 nm 
4 Ti 50 ± 20 nm 
3 SiO2 500 ± 1 nm 
2 Si 524 ± 1 µm 
1 SiO2 500 ± 1 nm 
 
B. MEMS DEVICE DESIGN AND MODELING 
The piezoelectric effect and inverse piezoelectric effect can be tested via cantilever 
beam deflection. An accumulation of charge on the cantilever’s electrode surfaces after 
being deflected by a pressure wave, indicates that the PZT layer exhibits the piezoelectric 
effect, and consequently, the piezoelectric coefficient can be measured. If an AC Voltage 
is applied across the cantilever electrodes and the cantilever deflects in an oscillatory 
manner, then there is evidence that PZT also exhibits the inverse piezoelectric effect. In 
this way the piezoelectric coefficient can be verified using a secondary measurement 
method. 
Four cantilevers with different geometries were designed using COMSOL 
Multiphysics Finite Element Software and their corresponding photolithographic masks 
laid out using Tanner L-Edit IC software. The four cantilevers were designed to possess 
fundamental frequencies ranging from 400 Hz to 16.6 kHz.  
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Table 2 lists the cantilevers geometrical parameters and first three natural 
frequencies. Figure 9 shows a 3D representation of the cantilevers, highlighting the 
geometrical parameters. Cantilevers I and II were desired to have high natural frequencies; 
therefore they have wide bridges and small seismic masses. 
t is the thickness of the bridge, w is the width of the bridge, n is the width of the seismic 
mass, d is the thickness of the seismic mass, Lm is the length of the seismic mass, and Lb 
is the length of the bridge 
Figure 9. 3-D representation of the designed cantilevers 
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Table 2. Cantilever Geometrical Parameters and First Three Natural 
Frequencies 
The third and fourth cantilevers are low frequency oscillators and each exhibit a narrow 
bridge coupled with a large seismic mass. Figure 10 shows a 3D representation of 
cantilever III. 
Figure 10. Cantilever III Profile 
C. MASK LAYOUT 
Three positive photoresist masks were used to transfer different aspects of the 
cantilever patterns to the PZT wafer. The first mask is used to pattern electrode pads, a 
Parameter
I II III IV
t (μm) 50 50 50 50
w (μm) 1000 1000 200 200
L b  (μm) 600 600 600 1000
L m  (μm) 500 1400 1750 3000
d (μm) 525 525 525 525
n (μm) 1000 1000 2000 3000
1st n. frequency (kHz) 16.6 5.7 1.37 0.4
2nd n. frequency (kHz) 52.6 31.3 3.31 1.12
3rd n. frequency (kHz) 114.4 76.2 5.36 1.55
Cantilever
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poling pad, and alignment marks onto the wafer. The second mask is used to etch trenches 
and borders into the wafer. The trenches serve to lend the cantilevers their distinctive 
shapes and the borders serve to electrically separate the die from each other and create 
guiding lines for cleaving. The third mask is applied to the back of the wafer and is used to 
shape the seismic mass and release the cantilever beam from the substrate. Figures 11, 12, 
and 13 show the sequence of masks I, II, and III and Figure 14 shows the wafer post 
process. 
 
Exposed photoresist is colored in red and unexposed photoresist is colored in white. Areas 
of the wafer located underneath the exposed photoresist can be etched in an anisotropic 
manner. Areas of the wafer located underneath the unexposed photoresist are protected 
during the etching process. The large red area is a poling pad where an electrical lead can 
be placed to generate a potential difference across the PZT in order to pole the material. 
Figure 11. Mask I Design 
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Exposed photoresist is denoted by green coloring while the white coloring denotes 
unexposed photoresist. Areas colored in red are the previously etched contact pads 
protected by unexposed photoresist. Areas in green adjacent to the cantilevers are trenches 
while areas on the border mark the shape of the die. 
Figure 12. Mask II Design 
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Exposed photoresist is denoted by regions in white and unexposed photoresist is denoted 
by regions in brown. Trenches are etched into the backside through the white patterning, 
releasing the cantilevers from the substrate. 




Areas shaded in brown are regions of exposed silicon while areas shaded in grey are 
covered by aluminum and are completely unetched. Areas in red are the exposed platinum 
contact pads and areas in white are trenches allowing the beams to oscillate through the 
XY plane. 
Figure 14. Completed Wafer 
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III. FABRICATION PROCESS 
A. BOTTOM ELECTRODE DEPOSITION 
The first step in the fabrication process is the deposition of thin film layers of 
titanium and platinum to the oxide wafer coating via sputter coating. Sputter coating is a 
vapor deposition process that uses high energy plasma to eject material from a target plane 
to a substrate surface where the target material and substrate form bonds at an atomic level. 
A Cressington 208 HR Sputter Coater was used to sputter layers of titanium with 
thicknesses ranging between 20 nanometers and 100 nanometers. Sputtering times varied 
between 1000 seconds and 3000 seconds at a pressure of .005 mbar. The titanium layer 
acts as a necessary adhesive layer between the silicon oxide and platinum thin film layers. 
Unlike many thin film metal layers, platinum does not oxidize at temperatures greater than 
400 °C. However, it adheres poorly to Si and SiO2. The titanium layer prevents the platinum 
from peeling off the substrate during heat treatment. However, it was found experimentally 
that the adhesion of Ti layers thinner than 20 nanometers is poor due to tensile forces in 
the middle of the wafer. This is demonstrated in Figure 15 for a Ti layer of 15 nm. 
 
Figure 15. Titanium Layer of 15 nm Peeling out of Si Substrate 
To reduce tensile stress in the Ti adhesive layer, the wafer, with the Ti film 
deposited, was annealed on the hot plate’s maximum 540 °C temperature for 600 seconds 
following sputtering. This annealing temperature and time was experimentally determined 
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to reduce the Ti adhesive layer peeling. Following the hot plate baking, the wafer is cleaned 
using acetone, isopropyl alcohol, and water.  
A single layer of platinum (with its thickness varying between 50 and 150 nm per 
test wafer) is then sputtered onto the Ti layer. Sputtering times for the Pt thin film layer 
were typically between 400 and 600 seconds. The wafer, with both a Ti adhesive layer and 
Pt layer, is again annealed at 540°C for 600 seconds to reduce tensile stress. 
There were a few problems associated with the sputtering process. The Cressington 
208 HR was located outside of the MEMS nanofabrication clean room. With each 
sputtering process the wafer became contaminated with microparticles of dust. These 
particles adhered to the wafer during the sputtering process and could not be removed 
neither by acetone nor by oxygen plasma. Consequently, these dust particles served as 
nucleation sites for cracks and deformations in future PZT deposition cycles. 
B. PZT DEPOSITION 
1. Spin Coating and Pyrolysis 
After the wafer has been cleaned following the platinum sputter, 2 mL of PZT-N 
sol gel, shown in Figure 16, is pipetted onto the platinized wafer and spun at 2000 RPM 
for 60 seconds using a CEE Model 200x Photoresist Spin Coater. At this speed and time, 
the thickness of the deposited PZT sol gel should be 200 ± 30 nm after pyrolysis [17]. The 
relationship between spin time and thin film thickness is shown in Figure 17. 
The wafer is then transferred to a 70 °C hot plate for two minutes. At this 
temperature the solvent is evaporated and the PZT begins to harden. The wafer is then air 
cooled for 45 seconds and transferred to a 300 °C hot plate where it is pyrolyzed for 5 
minutes. At 300 °C residual organics are removed from the hardened sol gel. 
The cooling step is an important step in the pyrolysis deposition process. If the 
wafer is immediately transferred to the next hot plate without cooling, the PZT layer will 
peel at the dust nucleation points created during the sputtering process. If the wafer is 
cooled using conduction cooling with a metal plate, then thermal shock will occur and the 
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PZT will crack and peel across the entirety of the wafer surface. Convection air cooling is 
the most reliable cooling method that was found to prevent cracking and peeling.  
After the 300°C hot plate pyrolysis, the wafer, with the Ti adhesion layer, Pt layer, 
and spun PZT is then air cooled for 1 minute and transferred to a 450 °C hot plate where it 
is further pyrolyzed for 5 minutes. At 450 °C the PZT sol gel densifies and hardens; 
however, the perovskite phase of PZT, the phase which exhibits piezoelectric properties, 
is not yet formed. Following pyrolysis, the wafer is air cooled for 90 seconds and is then 
cooled in a plastic wafer holder for an additional 3.5 minutes. The spin and pyrolysis 
process is then repeated once more before annealing.  
Appendix A lists the various spin speeds, spin times, and hot plate parameters used 
on all the test wafers. 




Figure 17. Relationships between PZT Film Thickness Following 
Pyrolysis, Spin Time, and Spin Speed for PZT-N Sol Gel. Source: [17]. 
2. Annealing 
The purpose of the annealing step is to further densify the PZT layer, allow the 
perovskite phase of PZT to develop, and to promote the development of preferred crystal 
orientations. According to Mitsubishi, the PZT-N sol gel manufacturer, the PZT must be 
annealed at temperatures higher than 625 °C for the perovskite phase to form [17]. After 
pyrolysis, thin film PZT layers exhibit a low density pyrochlore phase that will not exhibit 
the piezoelectric effect when subjected to stress or an applied electric field. When annealed 
at 625 °C, PZT-N exhibits a phase change from the pyrochlore to perovskite phase. At 
higher annealing temperatures (700-800 °C) the pyrochlore phase completely disappears 
and the perovskite phase is the dominant phase in PZT. However, at annealing temperatures 
of 700°C or greater, titanium diffuses from the titanium layer into the SiO2 layer and 
reduces the adhesion between the Pt thin film and substrate, thereby promoting peeling 
along cracks and nucleation sites [20]. 
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A variety of annealing conditions were tested in different ovens around the NPS 
campus and can be found in Appendix A. The most reliable method for annealing that 
minimized peeling and produced a perovskite phase is given as follows. 
• Preheat a Lindberg Blue M 51442 Box Furnace to 500 °C for an hour.
1. Place the wafer in the furnace and subject wafer to a 20-minute
ramp from 500 °C to 650 °C
2. Once the oven temperature has reached 650°C subject the wafer to
an additional 5 minutes of heating
3. Turn off the oven and let the kiln cool for 5 minutes
4. Open the oven door to expose the wafer to ambient air for an
additional five minutes
5. Remove the wafer from the oven
The Lindberg Blue M 51442 Box furnace located in the NPS Heat Treatment Lab 
proved to be the best choice for an annealing environment due to its high operating 
temperature, quick ramp time, and proximity to the NPS MEMs nanofabrication lab. The 
downside to this furnace’s operation was that it did not operate near vacuum. Additionally, 
the interior of the furnace was dirty and during annealing it was common for dirt and other 
particles to contaminate and fuse with the PZT surface. The furnace interior is shown in 
Figure 18. 
The 10-minute cooling step following oven shutdown cannot be skipped. Wafers 
that were removed from the oven immediately after baking and introduced to a room 
temperature environment experienced thermal shock and would often crack and peel. 
Figure 19 shows a successfully annealed wafer that used a 10-minute cooling step. 
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Figure 18. Lindberg Blue M Furnace Interior with Wafer 
(a) PZT wafer post-pyrolysis before oven annealing treatment. (b) PZT wafer post-
annealing. Ring coloring arose due to density and thickness non-uniformity across the 
wafer 
Figure 19. PZT Wafers Before and After Annealing 
C. TOP ELECTRODE DEPOSITION 
A 200 nm layer of aluminum is applied to the top of the wafer using Angstrom 
Engineering COVAP Metal Evaporator. A deposition rate of 1 Å/s was used to evaporate 
two ⅛” aluminum target pellets at pressures on the order of 10–7 Torr. The Metal 
Evaporator applied a uniform layer over the entirety of the wafer. The thickness of the 
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Aluminum layer shown in Figure 20 was measured at 198 nm using a KLA Tencor D-120 
Contact Profilometer. 
Figure 20. Aluminum Top Electrode Layer 
D. MASK I APPLICATION AND ETCHING 
1. Mask Application
In order to electrically pole the wafer, it is necessary to expose the bottom electrode 
so that a potential difference can be applied across the PZT layer to orient the random 
dipole moments in one direction. Mask I, described in section 2.2.3, is used to expose a Pt 
poling pad and contact pads for later wire bonding. To do this, a thin film layer of SPR 220 
photoresist is applied atop the aluminum thin film layer, exposed to UV light, and 
immersed in CD-26 solution to remove the exposed photoresist to allow for Al and PZT 
etching. Figure 21 shows a properly applied SPR layer patterned atop of an aluminum thin 
film layer. The following method is used for applying the first mask to the top wafer. 
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1. Apply 1 mL of MCC 80/20 primer onto the wafer and spin coat at 3000 
RPM for 45 seconds 
2. Apply 2 mL of SPR 220 7.0 onto the wafer and spin coat at 3000 RPM for 
45 seconds 
3. Bake on a hotplate using a ramp from 65 °C to 115 °C for 90 seconds after 
reaching 115°C 
4. Align the wafer using an EVG 620 Mask Alignment System 
5. Expose the wafer for 10 seconds and remove wafer from EVG 620 
6. Let the wafer sit for 35 minutes in order to allow water to be reabsorbed 
back into SPR 220 
7. Bake on a hotplate using a ramp from 65 °C to 115 °C for 90 seconds after 
reaching 115°C 
8. Let wafer cool for five minutes on metal cooling plate 
9. Immerse in CD-26 solution for 90 seconds or until exposed SPR dissolves 
completely 
Important to the SPR application is the 35-minute rest period. When the SPR is 
baked immediately following exposure, the exposed SPR is burnt, demonstrated in Figure 
22, and cannot be removed with the CD-26 solution. Use of an acetone bath or a 10-
exposure to oxygen plasma in the Trion Serious 12 Plasma Etcher can be used to remove 
burnt SPR without stripping the aluminum electrode underneath. 
Following immersion in CD-26, the photoresist layer is measured using an 
Filmetrics F40 instrument. When spun at 3000 RPM, SPR 220 produces a 7.5 µm thick 
layer of photoresist. 
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Figure 21. Mask I SPR Coverage on PZT XV Exposing Poling and 
Electrode Pads 
(a) Burnt SPR following 0 minutes of rest time. (b) Proper SPR coverage on an alignment 
mark after 35-minute rest time 
Figure 22. Exposed SPR on Alignment Marks 
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2. Etching 
After the exposed SPR has been removed with the CD-26 solution, it is necessary 
to etch through the aluminum top electrode and PZT layer in order to expose the bottom 
electrode. Aluminum Etchant A is a highly selective wet etch material for aluminum with 
minimal undercutting. Immersing the wafer into Aluminum Etchant Type A for 120 
seconds removes the exposed aluminum entirely. Figure 23 shows a contact pad before and 
after immersion in Aluminum Etchant Type A. 
 
(a) Contact pad prior to Al Etchant A immersion. (b) Contact pad following 120 second 
immersion in Al Etchant A 
Figure 23. Aluminum Removal from Contact Pads 
Argon Sputter Etching was the method used to etch through the thin film PZT layer 
and expose the platinum electrode. Using an Oxford Instruments Plasmalab System 100, 
high energy argon was used to anisotropically etch through the PZT to reveal the platinum 
underneath. 150 W and 2000 W of power were delivered to the RF and ICP generators 
respectively. A chamber pressure of 5 mTorr was maintained throughout the process while 
40 sccm of Argon was delivered to the chamber. The etch rate of PZT using this Argon 
Sputter recipe was linear for recipe lengths greater than thirty seconds. This linear 
relationship is plotted in Figure 24 for all sample etches collected on PZT wafers I-XV. 
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Recipes that were 30 seconds or shorter in length etched the PZT negligibly and differences 
in depth were undetectable using Filmetrics. 
The slope of the linear fit, 1.114 nm/s, represents the average etch rate for PZT using an 
argon sputter etch 
Figure 24. Etching Depth vs Etching Time of PZT-N using Argon 
Sputter Recipe 
Platinum contact exposure was confirmed by visual investigation and measurement of 
material resistance. In thin film form, PZT is green, red, or yellow. Platinum is silver. Once 
the color changed from green to silver the internal resistance of the contact pad was 
measured using a Lucas Labs 4 Point Probe System. The average resistivity of thin film 
PZT is measured between 2x108 and 1x109 Ω*cm [21]. The average resistivity of the thin 
film platinum layer was measured prior to the deposition of PZT as 1.6E-5 Ω*cm. The 
argon etching process was deemed complete once the resistivity of the etched area came 
within an order of magnitude to the average resistivity measurement of Pt. 
E. POLING 
PZT thin films that have not been poled will not generate an electric potential 
difference across any of their surfaces when subjected to stress. Dipoles will align in small, 
local domains; but across the body of a thin film ceramic, these domains are randomly 
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oriented and no net polarization will appear [16]. By applying a strong DC electric field, 
typically larger than 2 kV/mm, across the PZT thin film, the dipole domains will align and 
a net polarization will occur in the material [22]. 
The PZT wafer used for the first set of cantilevers was PZT XV (see Appendix A 
for deposition notes) and its PZT layer thickness was 392 nm on average. To ensure that 
the domains would be fully aligned normal to the wafer surface, a 3 kV/mm electric field 
was applied across the top and bottom electrodes. At 392 nm thick, it was necessary to 
apply a 0.8 V potential difference across the PZT in order to generate an electric field of 3 
kV/mm. Typically it is easier to realign PZT domains by poling the wafer in a dielectric 
fluid bath kept at high temperatures [22], [23]. Thus, the wafer was immersed in a bath of 
silicone oil heated to 100 °C using a VOR Hotplate. The wafer was then connected to the 
DC Power Supply with the positive lead connected to the bottom electrode and the negative 
lead connected to the top electrode so to create a polarization oriented in the negative Z-
direction. 0.8 V was supplied by the power supply to the wafer for ten minutes. Using the 
digital multimeter, the potential difference across the top and bottom electrodes was 
measured as 0.57 V throughout the poling process, which indicated that no major shorts 
existed across the wafer. The poling setup is shown in Figure 25. 
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1 – 3476 A Digital Multimeter; 2 – HP 6200B DC Power Supply; 3 – Wafer Immersed in 
Silicone oil bath 100 °C; 4 – Fluke 51 II Thermometer; 5 – VOR Hotplate 
Figure 25. Wafer Poling Setup 
F. STRUCTURE ETCHING AND MASK II ALIGNMENT 
After the wafer has been poled, a second layer of SPR is be applied to the wafer 
surface using Mask II in order to reveal the topside cantilever structures. The same process 
listed in section 3.D.1 can be used to apply SPR across the wafer using Mask II. The mask 
pattern is shown in Figure 26.  
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Figure 26. Mask II Etch Pattern 
Following the application of a 7.5 µm SPR layer, the same etching procedures listed 
in section 3.D.2 can be used to etch through the Aluminum and PZT layers to the bottom 
electrode surface. From there, the platinum and titanium layers were etched using the same 
Argon etch recipe used to etch PZT. Because the bottom electrode layer is very thin 
compared to the height of the SPR layer (100 nm << 7.5µm), there was no precise way to 
measure variations in etched electrode depth versus etch time. Instead, to make sure that 
the SiO2 layer had been fully exposed, two 300 second cycles of the Ar etch recipe were 
used in order to completely etch away the platinum and titanium layers. The Plasmalab 
Oxide Etch Recipe was used to etch through the SiO2 layer. For this recipe, 2000 W and 
100 W are sent to the ICP and RF generators respectively. A chamber pressure of 90 mTorr 
is maintained throughout the process while 50 sccm of CF4 was delivered to the chamber. 
A 20-minute cycle followed by a 15-minute cycle of this recipe was used to completely 
etch through the SiO2 layer using the Oxford Plasmalab System. The Filmetrics F40 
Instrument was used for confirmation that the underlying Silicon layer had been reached 
following these two cycles. At this point in the etch process the SPR had been burnt and 
small holes were beginning to appear in the protective layer. The remaining SPR was 
removed using the oxygen plasma and a new 7.5 µm SPR layer was applied to the top of 
the wafer. 
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To etch through the silicon, a deep reactive ion etching recipe was used with the 
Plasmalab instrument. The recipe has two processes that constitute one cycle. This cycle is 
repeated upwards of 150 times in one full etch period depending on desired etch depth. The 
recipe initially requires for 1750 W and 10 W be delivered to the ICP and RF generators. 
Chamber pressure is maintained at 20 mTorr while 140 sccm of C4F8 is delivered to the 
chamber for 10 seconds. After this process is completed 1750 and 7 W of power are 
delivered to the ICP and RF generators respectively. Chamber pressure is then maintained 
at 20 mTorr while 120 sccm of SF6 is delivered to the chamber. This process is then 
repeated according to the number of cycles required for etching. 
For PZT XV it was desirable to etch 80 µm into the Silicon top layer rather than 50 
µm. Table 3 lists the number of etch cycles and average depth of the silicon layer (measured 
using the KLA Tencor Contact Profilometer): 
Table 3. Topside Silicon Bosch Etch Depths 
Etch Number Number of Cycles Depth Etched (µm) Average Depth (µm) 
1 50 35 35 
2 10 6 41 
3 60 35 76 




G. BACKSIDE STRUCTURE ETCHING AND MASK III APPLICATION 
1. Mask application  
To apply Mask III to the backside of the wafer it is necessary to apply a protective 
coating of SPR 220 to the wafer’s topside in order to protect the cantilever structures. The 
same spin coating procedure described in section 3.D.1 can be used to apply a 7.5 µm 
coating of SPR 220 on the top of the wafer. Since the topside SPR is not being exposed to 
UV light, the additional 90 second bake and 35-minute rest period is not used for this 
procedure. Instead, the wafer is baked for 4 hours at 70°C to cure the protective layer. 
After the topside protective layer has been applied, 100 nanometers of nickel are 
sputtered onto the backside of the wafer using a Cressington 208 HR Sputter Coater. The 
sputtering time typical lasted between 30–40 minutes. In addition to SPR 220, this nickel 
layer serves as a mask for the backside etching since the bosch and oxide etches do not 
selectively etch Nickel. 
Following the nickel sputtering, a 7.5 µm coating of SPR 220 is spun onto the 
bottom of the wafer using the same procedures described in section 3.D.1. It may be 
difficult to form a vacuum between the protective layer on the topside of the wafer and the 
Spin Coater. If this is the case, the PZT wafer can be taped to a dummy wafer which will 
form a normal vacuum with the Spin Coater.  
Next, mask III can be used to expose the backside cantilever trenches and seismic 
mass. Because the mask is being applied to the wafer’s backside, different exposure 
settings must be used during alignment. 15 seconds of UV exposure is required. 
Additionally, during the development of PZT XV, the wafer was broken in half and 
a translucent quartz wafer was used as a dummy holding wafer during exposure. The same 
post exposure procedures (rest time, baking, and CD-26 immersion) listed in section 3.D.1 
are used for removing exposed photoresist. The backside etch pattern is shown in Figure 
27 on exposed, but un-etched SPR. 
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Figure 27. Mask III Backside Etch Pattern 
2. Backside Etching 
To etch through the 100-nanometer layer of nickel, the same Ar etching recipe 
described in section 3.D.2 is used. Three sets of 3 minute etches were required to reveal 
the SiO2 layer underneath the Nickel layer. The Trion Plasma Etcher was used to etch 
through the 50 nm SiO2  backside protective layer. This recipe for oxide etching requires 
125 W to be delivered to the RIE RF generator and chamber pressure be maintained at 175 
mTorr. 45 sccm of CF4 and 5 sccm of O2 are delivered to the chamber throughout the 
recipe’s duration. 200 seconds was required to remove the entirety of the SiO2 layer. After 
the removal of the SiO2 layer, the Si bosch etch described in section 3.F is used to reveal 
the cantilever structures from the backside of the wafer. Table 4 details the series of etch 






Table 4. Backside Silicon Bosch Etch Depths 
Etch Number Number of Cycles Depth Etched (µm) Average Depth (µm) 
1 50 26 26 
2 110 45 71 
3 100 41 112 
4 150 58 170 
5 150 62 232 
6 200 120-200 352-432 
 
Depth measurements were uniform across the wafer with the sidewalls and bridge 
depths varying no more than 10 µm in depth from each other. Following the sixth etch, 
there was a significant departure in agreement between sidewall depth and bridge depth 
measurements. This is in part due to aspect ratio between the sidewalls and bridge opening. 
The thinner sidewalls are etched at a slower rate than the wider bridge openings. As a result, 
the bridges of cantilevers III & IV, the low frequency cantilevers, were released. However, 
their sidewalls were not released and still required considerable etching, up to 30 µm in 




The bridge (left) has been released. Top sidewall corner (middle) is unreleased and still has 
>30 µm of silicon left to etch. (Right) Connection where the left sidewall meets the bridge 
etching area. 
Figure 28. Cantilever 4 Structure Release after 760 Etch Cycles  
This depth-discrepancy was also present for cantilevers 1 & 2 as well. Silicon closer 
to the cantilever base was etched at a faster rate than silicon located near the cantilever tip. 
However, while the low frequency cantilever bridges were released by the 760th etch cycle, 
the higher frequency cantilever trenches were still unreleased. Following the sixth etch, a 
seventh etch consisting of 80 cycles was performed in order to release the higher frequency 
cantilevers. This served to partially open their sidewall trenches near the cantilever bases, 
but the sidewalls near the tip remained unreleased. This is illustrated in Figure 29. During 
these 80 cycles the nickel masks covering the low frequency seismic masses were partially 
etched away and every low frequency cantilever was disconnected from the substrate. This 
non-uniformity during the bosch etch process can be explained by the large difference in 




(Left) The side walls are entirely unreleased after 760 etch cycles. (Right) There exists a 
clear differential in etching based on aspect ratio of the trench being etched. Sidewalls 
bordering the test mass are under etched compared to sidewalls connected to the cantilever 
base and bridge. 
Figure 29. Cantilever I Backside Etching 
To fully release the high frequency cantilevers from the substrate, 14 more etch 
iterations were performed. When a cantilever was released it was covered with a protective 
tape to shield it from further etching.  
H. WAFER CLEAVING, PACKAGING, AND WIRE BONDING 
After releasing the cantilevers from the substrate its necessary to cleave the wafer 
in preparation for wire bonding and packaging. The wafer is cleaved, shown in Figure 30, 
using a Lattice Gear LatticeAx wafer-cleaving system. 
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Figure 30. Cleaved Cantilever I Chip 
After cleaving, the cantilever chip is bonded to a dummy wafer chip with a square 
opening located where a cantilever would normally lay. This allows the top cantilever to 
oscillate in and out of its chip plane without striking a surface. The die is then bonded to a 
surface mount ceramic package. Copper wires are soldered to the packaging device and 25 
μm gold wires are bonded between the platinum electrode pads and the packaging electrode 
pads and the aluminum top surface and packaging electrode pads using a K&S 4500 Digital 
Series Manual Wire Bonding Instrument. Four wires are bonded to each pad in order to 
reduce resistance across the wires and deliver a suitable current to the electrode pads. 
Following wire bonding, the cantilever system, is in a ready state for structural and 
electrical testing as shown in Figure 31. 
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Figure 31. A Packaged and Wire Bonded Cantilever Sensor 
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IV. 4. PZT AND DEVICE CHARACTERIZATION 
A. X-RAY DIFFRACTION ANALYSIS 
X-ray diffraction, XRD for short, is a powerful technique that can be used to 
characterize crystal orientations and cell dimensions, identify mineral materials in a 
heterogeneous samples, and, in the case of ferroelectric materials, discern between 
pyrochlore and perovskite growth phases in a crystalline thin film [18]. For the thin film 
PZT-N growth, XRD is used to determine dominant crystal cell orientations and identify 
the temperature where the perovskite-pyrochlore phase change occurs. 
The largest factors determining crystal cell orientation in PZT thin films is the total 
thin film thickness, the existence of a seed layer and its corresponding thickness, and 
maximum annealing temperature [24]. Mitsubishi Materials, the producer and distributor 
of PZT-N sol gel, produced a 1 μm layer of PZT-N on a silicon wafer for XRD testing and 
found that the (100) and (111) crystal cell orientations were dominant in their thin film. 
Unlike the film produced on the wafers used for XRD analysis, Mitsubishi used an 80 nm 
seed layer of 15% PZT-E1 solution for orientation control which promoted the growth of 
the (100) orientation [17]. Additionally, the platinum electrode substrate possesses a (111) 
orientation which naturally lends the PZT a preference to the (111) orientation in addition 
to the (100) seed layer orientation [24]. 
PZT III and XI did not possess seed layers, and when tested with XRD using a 
Rigaku Miniflex 600 instrument, did not exhibit the (100) orientation preference. Instead, 
wafers annealed at a temperature greater than 625°C exhibited a preference for the (110) 
orientation when 2Θ = 31°. 
This is a preferred orientation for piezoelectric MEMS devices as the piezoelectric 
effect will be exhibited for vertical (z-axis) stresses and horizontal (x-axis) shears. 
However, the (110) orientation did not dominate at temperatures lower than 625°C. At low 
bake temperatures (<625°C), the non-piezoelectric pyrochlore phase dominates. The 
dominance of the pyrochlore phase at 2Θ = 26° can be seen in Figure 32. Thus, it is 
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necessary to anneal at temperatures greater than 625°C for the pyrochlore phase to 
transition to the piezoelectric, perovskite phase. When annealed at temperatures higher than 
625°C the (110) orientation, a preferred orientation, dominates and the (002) and (100) 
orientations have weak contributions to structure as illustrated in Figure 33. 
 
PZT III (500 nm thick was annealed for five minutes at 750°C while PZT XI (650 nm 
thick) was annealed at 650°C. The largest peak is the platinum substrate. The (110) 
orientation dominates at both annealing temperatures, but at 750°C there is a larger (200), 
(002), and (100) orientation presence. These XRD measurements were taken before 
initiating the poling process. 
Figure 32. XRD Pattern of PZT III and PZT XI 
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At 540°C a full transition between the pyrochlore and perovskite phases has not yet 
occurred. The (002) orientation, a non-preferable PZT orientation, dominates at this 
temperature. 
Figure 33. XRD Pattern of PZT XII Baked on a 540°C Hotplate for 
Twenty Minutes  
When annealed at temperatures greater than 625°C, PZT-N thin film coatings 
possess a preferred orientation, the (110) orientation. Properly deposited PZT-N thin film 
on micromachined cantilevers will markedly demonstrate the piezoelectric effect when 
subjected to a normally applied pressure on the top or bottom of the cantilevers. 
B. NANOINDENTATION AND DETERMINATION OF YOUNG’S 
MODULUS 
An Agilent NanoIndenter G200 system was used to determine Young’s Modulus 
of the PZT-N thin film. Young’s Modulus is a measure of a material’s tensile elasticity, or 
how well the material resists elastic deformation along a certain axis when a stress is 
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applied in the opposite direction along the same axis [17]. Mathematically, Young’s 









= , (8) 
where E is Young’s Modulus (GPa), σ is stress (GPa), s is strain, and sp is compliance 
(1/GPa). A material that resists deformation will have a large value for E while a very 
compliant material will have a small value for E. A piezoelectric material’s elastic modulus 
is an important determinant in how much charge will accumulate when stress is applied 
along the material’s primary crystal axis. Additionally, it is necessary to determine an 
accurate value of Young’s Modulus in order to determine the piezoelectric coefficient via 
cantilever deflection. 
Load control testing was used to determine Young’s Modulus of a 400 nm layer of 
PZT-N thin film. In load control testing, the nanoindenter tip is lowered onto the sample’s 
surface and the force is increased linearly until the load reaches a maximum preset value. 
Recorded hardness values are then used to determine the Young’s Modulus. A 0.33 mN 
max load was used to test the hardness of a 400 nm PZT thin film and produced a Modulus 
value of 81.2 GPa. This result agreed well with literature values collected for similar sol 
gel derived PZT thin films [17]. 
Table 5. Young’s Modulus from Load Control Nanoindentation 
Testing 















1 81.202 1.959 0.411 70.569 0.330 
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C. SCANNING ELECTRON MICROSCOPY SURFACE AND ETCHING 
CHARACTERIZATION 
Scanning Electron Microscopy, SEM for short, is a useful technique that can be 
used for qualitative analysis of thin film surface characteristics and etching performance. 
1. Annealing Surface Characterization  
Three annealing methods were used to bake the PZT XII test wafer at different 
pressures and temperatures. SEM imaging was used to determine which, if any, of the 
annealing techniques were suitable for PZT thin film production. One wafer chip was 
annealed in a GCF Series Controlled Atmosphere Muffle Furnace at 650°C for twenty 
minutes. The chamber was flushed with nitrogen three times and brought to vacuum-like 
conditions before annealing began. However, the GCF Series required a four-hour linear 
ramp to reach the 650°C temperature peak and a twelve-hour cooling time in order to return 
the chamber to room temperature. After removal the PZT surface was smooth but 




Figure 34. PZT Surface after Heat Treatment in GCF Series Muffle 
Furnace 
A second chip was annealed in a Lindberg Blue M 51442 Box furnace at 650°C for 
twenty minutes. This annealing cycle did not include a temperature ramp, unlike the 
procedure described in Section 3.B.2. The Lindberg Blue box furnace operates at ambient 
pressure and does not allow for chamber flushing or venting. As a result, the chamber was 
filled with large particles and contaminants. As a result, the particles fused to the surface 
of the PZT and could not be removed with pressurized air or plasma etching. The 




Figure 35. PZT Surface after heat treatment in Lindberg Blue Box 
Furnace 
The third chip was annealed on a hot plate at 540°C for 20 minutes. The advantage 
to the hot plate annealing method is that the entirety of the PZT deposition process can be 
completed in the NPS MEMS Nanofabrication cleanroom and the wafer is subject to 
minimal surface contamination. However, this temperature is not hot enough to induce the 
pyrochlore-perovskite phase change in PZT-N. As seen in Figure 36, the PZT surface of 





Figure 36. PZT Surface after Heat Treatment on 540°C Hotplate 
While dirty, the Lindberg Blue M 51442 Box furnace was chosen as the primary 
system for annealing due to it is short operating time, production of crack free surfaces, 
and high max temperature. 
2. Backside Etching Characterization 
The bosch etch recipe used to etch the wafer backside and release the cantilever 
from the substrate produced moderate under-etching effects. This under etching served to 
deform the seismic mass, destroy the low frequency cantilever bridges, and round out the 
trench edges. The deformation of the seismic mass was significant. As seen in Figure 37, 
the seismic mass now resembles a trapezoidal pyramid rather than a rectangular prism. This 
reduction in the volume of the seismic mass serves to increase the value of fundamental 
frequency and degrade the accuracy of piezoelectric coefficient calculations using this 
cantilever. 
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Figure 37. SEM image of Cantilever I Backside 
Additionally, there is significant rounding along the trench edges where the 
cantilever beam connects to the substrate. As seen in Figure 38, the rounding effectively 
shortens the cantilever beam length by nearly 250 µm. This rounding, in addition to the 
reduction of the seismic mass, serves to increase the cantilever’s fundamental frequency 
and further stiffen the cantilever. 
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Figure 38. Rounding Along Trench Edges Following Backside Bosch 
Etch 
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V. STRUCTURAL ANALYSIS 
A. POST-ETCH CANTILEVER GEOMETRY 
Only two 16.6 kHz structures survived the cleaving process for the PZT XV wafer. 
Every other structure was etched away during the final series of backside bosch etches, 
peeled away during removal of the protective tape from the substrate, or snapped during 
the cleaving process. One of the two cantilever structures had a chipped substrate- this 
structure will be referred to in this chapter as structure I. The other high frequency 
cantilever survived completely intact- this structure will be referred to as structure II. 
Following SEM analysis, the 3D Optical Profilometer was used to measure the respective 
geometries for each structure. Figures 39 and 40 are not to scale replications of the profiles 
captured using the profilometer. It was evident from their profiles and SEM images that 
significant rounding occurred due to over-etching. The seismic masses of both surviving 
structures were smaller than expected and possessed geometries resembling trapezoidal 
prisms rather than cuboids. Additionally, the length of each bridge was larger than expected 








Figure 40. Structure II XY and XZ Cross Sections 
The design for the 16.6 kHz cantilever, as described in Section II.B, calls for a 
seismic mass of 500 μm and a width of1000 μm with a total bridge length of 1100 μm. The 
structure I and II seismic mass widths measured 577 μm and 620 μm and seismic mass 
lengths measured 63 μm and 100 μm respectively. These measurements were significantly 
shorter than expected. By contrast, the lengths of the cantilever beams were larger than 
expected and measured 1331 and 1334 μm respectively. Additionally, along the edges of 
the seismic masses and near the base of the cantilever structure there is significant 
rounding- this is likely due to the non-anisotropic nature of the bosch etch described in 
Section III.F.  
The natural frequency of a simple cantilever beam depends on its beam length, 








   (9) 
where w is the width, d is the depth, m is the mass, and l is the length of the cantilever 
beam. The smaller widths, longer lengths, and smaller test masses of the new cantilever 
structures contribute to lowering the value of the first natural frequency. However, the 
rounding of the edges and test mass, and the increase in bridge depth serve to stiffen the 
cantilever structure and raise its first natural frequency value. Knowing the first natural 
frequency at which a cantilever bends with respect to the z-axis is necessary for the 
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verification of past sensor simulations and the production of future simulations. 
Additionally, it is optimal to measure the piezoelectric effect and inverse piezoelectric 
effect when the when the cantilever is excited at its natural frequency as that it produces 
the largest oscillation amplitudes [26]. Larger oscillation amplitudes produce larger 
electrical signals, which serve to separate the signal from noise. 
B. CANTILEVER RESONANCE TESTING 
To identify the cantilevers’ natural frequencies, the structures were excited by a 
Radioshack Midrange Piezo Tweeter using linear frequency sweeps, white noise, and 
tonals. The tweeter possessed a flat frequency response from 700 Hz to 20 kHz. The 
cantilevers’ amplitude responses to the sound pressure excitations were measured using a 
MSA-500 Micro System Analyzer. A signal was generated from an MSA-500 Junction 
Box, amplified by a 467A Power Amplifier, and transduced from electrical to acoustic 
energy by the midrange tweeter. Two OFV-551 Fiber Vibrometers were used to measure 
a reference beam’s amplitude response against an object beam’s amplitude responses. The 
microsystem analyzer uses these signals to generate detailed visualizations of deflection 
shapes and plot sensor excitations against frequency. Figure 41 is the setup used for 
resonance testing for Structures I and II. 
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1- Polytec 500 Micro System Analyzer, 2- Mounting stage and sensor, 3- Midrange 
tweeter, 4- Microscope Objective Lens, 5- Power amplifier, 6-Optical Fiber Vibrometer 
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Figure 41. Vibrometer Arrangement for Resonance Frequency 
Determination 
Both structures were subjected to linear frequency sweeps from 10 kHz to 30 kHz. 
The sampling time was 64 ms, sampling frequency was 128 kHz, driving amplitude was 1 
V, and 3200 FFT lines were used to give a 15.625 Hz resolution. Both structures had strong 
responses at 10.75 kHz and 22.5 kHz. The amplitude response for structure one is shown 
in Figure 42. 
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Figure 42. Structure I Amplitude Response to Frequency Sweep from 
10 to 30 kHz 
From the amplitude response, a fair initial assumption is that the first natural 
frequency of structure I is 10.75 kHz and the second natural frequency is 22.5 kHz. This 
would indicate that both structures were more compliant than expected, potentially due to 
the decrease in seismic mass and width and increase in bridge length. However, using the 
vibrometer visualization software, it became apparent that the cantilever structure and 
wafer die were oscillating in phase with each other. The amplitude response was not 
measuring the bending amplitude, but rather the amplitude at which the entire die vibrated. 
To remedy this, both structures were mounted to wafer dice with empty trenches. The 
dummy dice were then taped to the vibrometer stage to reduce vibrations in the body of the 




Figure 43. Structure II Mounting Orientation 
Following mounting, Structures I and II were subjected to white noise between 5 
and 20 kHz. The sampling time was 64 ms, sampling frequency was 128 kHz, driving 
amplitude was 1 V, and 3200 FFT lines were used to give a 15.625 Hz resolution. Structure 
I’s velocity amplitude response was maximized at 14.75 kHz, as pictured in Figure 44. The 
oscillatory motion was confined to the cantilever beam as that the rest of the die remained 
fixed to the vibrometer stage. The motion of the beam, illustrated in Figure 45, was 
oscillatory with the bending confined to the XY plane.  
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Figure 44. Structure I Velocity Response to White Noise 
 
 
Figure 45. Structure I Oscillatory Motion Excited at its First Natural 
Frequency of 14.25 kHz 
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This result indicates that despite its geometrical deformities, Structure I’s 
oscillation shape agree well with the oscillation shapes determined by the COMSOL 
simulations when the beam is driven at its first natural frequency. Were the structure to 
bend through the XZ or YZ planes when driven at its first natural frequency, then there 
would not exist a demonstrable piezoelectric effect. The bending motion through the XY 
plane ensures that the strain from bending will induce the piezoelectric effect in the (110) 
oriented PZT thin film layer.  
Structure II did not possess a sharp amplitude like Structure I did. Instead, there 
existed two resonances, one with a large quality factor and one with a low-quality factor. 
The velocity amplitude frequency response is shown in Figure 46. Structure II’s first 
natural frequency occurred at 16.75 kHz- the same frequency as the simulated high 
frequency cantilever. It appears that the increase to natural frequency due to the increase 
in depth and rounding was offset by the lengthening of the beam and reduction in seismic 
mass size. The second observed resonance frequency, 22.5 kHz, was the frequency at 
which the whole die resonated. The tape and empty trench die did not appear to entirely 
suppress the vibrations observed during the linear sweep testing. At this frequency, the 
beam did not oscillate in and out of the XY plane with respect to the rest of the die; instead, 
the die and beam oscillated in phase with each other. At the 16.75 kHz resonance, the beam 
bends 180° out of phase with die. The extra wafer and tape were unable to completely 
prevent the base of the sensor from vibrating. This lent the first frequency peak a low-
quality factor. The sensor’s oscillatory movement is shown in Figure 47. 
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Figure 46. Structure II Velocity Magnitude Response to White Noise 
  
Figure 47. Structure II Oscillatory Motion Excited at First Natural 
Frequency 16.75 kHz 
Despite the beam and die oscillating out of phase with each other, the beam still 
oscillates through the XY plane. Thus, structure II possesses a geometry and frequency 
response suitable for calculating the piezoelectric constant. 
C. DETERMINATION OF PIEZOELECTRIC COEFFICIENT 
To determine the piezoelectric coefficient of PZT-N, the sensor can be excited with 
an AC voltage at its first fundamental frequency and the deflection of the cantilever tip can 
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be measured using the MSA-500 Instrument. When deflection height is plotted against the 
magnitude of the applied AC voltage, the piezoelectric coefficient can be extracted from 
the slope. This relationship is explained by Equation 6 in Section I.E.3. The experimental 
setup, shown in Figure 48, is similar to the setup shown in Figure 41. However, a positive 
and negative lead are instead lead from the amplifier and connected to wires soldered to 
the wafer’s packaging.  
Positive lead,1, and negative lead, 2, connected to packaging  
Figure 48. Vibrometer Arrangement for Piezoelectric Coefficient 
Determination 
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Structure I was subjected to a linear frequency sweep from 10 kHz to 20 kHz. The 
driving voltage was set to 1 Volt with the gain being set to 1x. The sampling time was 64 
ms, sampling frequency was 128 kHz, and 3200 FFT lines were used to give a 15.625 Hz 
resolution. Unlike the structural tests there were no discernable peaks amongst the noise. 
The amplitude frequency response is shown in Figure 49. 
 
Figure 49. Structure I Inverse Piezoelectric Coefficient Test  
The gain was set to 2x and then to 5x in following tests to test whether the tip 
amplitude was being masked by noise. No discernable peaks emerged when changing the 
gain or driving voltage. Next, Structure I was subjected to a tonal at 14.75 kHz, its first 
natural frequency. The driving voltage was set to 1 Volt. No discernable amplitude peaks 
emerged when testing the wafer at its natural frequency.  
It was confirmed during the wire-bonding process that there weren’t any electrical 
shorts between the top electrode and bottom electrode. However, it was not determined 
whether there were any shorts on the packaging following the soldering process. When 
tested with a multimeter, it was determined that there existed a short circuit between the 
packaging pads. In the process of removing Structure I from the packaging the cantilever 
beam was separated from the substrate, rendering the die useless. Additionally, Structure 
II could not be used for piezoelectric testing as that the gold wires would not adhere to the 
bottom electrode pads using the 4500 Digital Series Manual Wire Bonding Instrument. 
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Because both sensors were rendered unusable, the piezoelectric coefficient could not be 
determined the PZT XV cantilever structures. 
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VI. CONCLUSION AND RECOMMENDATIONS 
A. CONCLUSION 
PZT-N sol gel supplied by the Mitsubishi Materials Corporation has the potential 
to replace the interdigitated capacitance comb finger sensing system currently used with 
the current iteration of NPS bio inspired DF MEMs sensors. The goal of this thesis was to 
characterize the piezoelectric properties of the piezoelectric sol gel and manufacture 
cantilever beams to determine the piezoelectric coefficient of PZT-N. While unable to 
determine the piezoelectric coefficient, the deposition and structural characteristics of the 
PZT-N sol gel were well tested and characterized. It was determined that by using a hot 
plate step up ramp and an annealing temperature ramp that cracking and peeling of the thin 
film PZT-N thin films would be minimized. It was also discovered that non-uniformity in 
etch depth would occur during the backside etch due to the large aspect ratio between the 
bridge trench and side trench walls. It was also found that when deposited and annealed 
under the conditions described in Chapter III, the PZT-N exhibits a dominant (110) crystal 
orientation. This orientation is desirable for cantilever testing as that the maximum 
accumulation of charge will develop when the beam oscillates through the XY plane. 
Additionally, the fabricated cantilevers possessed ideal geometries for structural and 
electrical testing. Because their fundamental frequencies and oscillation shapes matched 
the those of the simulated cantilevers using finite element modeling, it is possible to run 
more evaluations and tests within COMSOL to further test the parameters of the PZT and 
cantilever beams. However, start to finish fabrication of contaminant-free PZT films on the 
NPS campus proves difficult as that necessary instruments for the deposition process are 
located outside the NPS Nanofabrication clean room and the thin films are liable to become 
contaminated with debris and dirt during these steps. A such, much still must to be done to 
reliably and repetitively fabricate functional PZT thin films at NPS. Despite this, the 
objective of the thesis was achieved. 
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B. RECOMMENDATIONS 
With regards to structural testing, the next iteration of sensors should be used to 
determine the piezoelectric coefficient by exploiting the piezoelectric effect using an APS 
Permadyne Model 120S Shaker System or by applying an AC voltage to the sensor 
electrodes as described Section V.C. These cantilevers should be tested at each cantilever’s 
first three natural frequencies. The cantilevers will demonstrate the piezoelectric effect 
markedly when the beams oscillate through the XY plane. At the second natural frequency, 
the beams bend through the XZ plane, and at the third natural frequency, they rotate 
torsionally through the YZ plane. The cantilevers will demonstrate the piezoelectric effect 
weakly when they oscillate through the XZ and YZ planes; however, it is necessary to 
investigate the strength of the piezoelectric effect for these oscillations as that these 
secondary bending and rotational movements can be exploited for optimal sensing when 
designing the next DF sensor. Following this determination, it is then recommended that 
the researcher investigate the most efficient methods for applying the PZT-N sol gel to the 
DF sensor bridge so to capture the sensor’s rocking, bending, and torsional modes 
individually. 
With regards to the deposition process, there are a few avenues for future 
researchers to follow. First, it is necessary to determine whether the bottom electrode 
deposition and annealing processes can be moved to the NPS clean room. Were these 
processes to be relocated to the clean room, cracks and peeling originating at dust 
nucleation sites would be minimized. Future researchers should also determine whether 
applying a low density PZT-E thin film will allow for better crystal orientation control and 
layer uniformity. Additionally, wafers with pre-deposited (52:48) layers should be acquired 
so to compare the performance of the NPS fabricated PZT thin film layers with a well-
documented control.  
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APPENDIX A. WAFER RECIPES 
Table 6. PZT I Layers and Dimensions 
Ti Pt PZT Pt 
50 nm 100 nm 800 nm 100 nm 
Spin Coat Recipe: 2 mL PZT spin coated at 500 RPM for 3s and at 1500 RPM for 30s 
Pyrolysis Recipe: 350°C for 5 minutes, repeated twice before each annealing 
Annealing Recipe: 650°C for 60 minutes in Lindberg Blue Box Furnace, No Ramp 
Poling: 15 minutes at 125°C, Field Strength: 4 kV/mm 
Notes: Peeling of PZT during first minute of pyrolysis and further peeling during 
annealing. Major shorts between top and bottom electrode. 
Table 7. PZT II Layers and Dimensions 
Ti Pt PZT Pt 
50 nm 100 nm 800 nm - 
Spin Coat Recipe: 2 mL PZT spin coated at 500 RPM for 3s and at 1500 RPM for 30s 
Pyrolysis Recipe: 350°C for 5 minutes, repeated twice before each annealing, no cooling 
step 
Annealing Recipe: 540°C for 16 minutes on hot plate, no ramp 
Poling: None 
Notes: Peeled during pyrolysis and plastic from Hazardous Materials Bag fused with the 
wafer 
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Table 8. PZT III Layers and Dimensions 
Ti Pt PZT Pt 
50 nm 100 nm 500 nm - 
Spin Coat Recipe: 2 mL PZT spin coated at 2000 RPM for 60s 
Pyrolysis Recipe: 70°C for 2 minutes, 300°C for 5 minutes, 450°C for 5 minutes, no 
cooling steps 
Annealing Recipe: 750°C for 5 minutes in Lindberg Blue Box Furnace, No Ramp 
Poling: None 
Notes: Peeling during pyrolysis, requires cooling step, PZT useable 
Table 9. PZT IV Layers and Dimensions 
Ti Pt PZT Pt 
50 nm 100 nm 600 nm - 
Spin Coat Recipe: 2 mL PZT spin coated at 2000 RPM for 60s 
Pyrolysis Recipe: 70°C for 2 minutes, 300°C for 5 minutes, 450°C for 5 minutes, no 
cooling steps 
Annealing Recipe: 750°C for 5 minutes in Lindberg Blue Box Furnace, No Ramp 
Poling: None 
Notes: Total PZT layer peeling during annealing step, ramp necessary 
Table 10. PZT V Layers and Dimensions 
Ti Pt PZT Pt 
50 nm 100 nm 400 nm 100 nm 
Spin Coat Recipe: 2 mL PZT spin coated at 2000 RPM for 60s 
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Pyrolysis Recipe: 70°C for 2 minutes, 300°C for 5 minutes, 450°C for 5 minutes, two 
minutes cooling on metal cooling plate 
Annealing Recipe: 700°C for 1 minute in Lindberg Blue Box Furnace, No Ramp 
Poling: 15 minutes at 125°C, Field Strength 4 kV/mm 
Notes: Minor peeling during pyrolysis but produced areas of crack free PZT. Cooling steps 
need shortening 
Table 11. PZT VI Layers and Dimensions 
Ti Pt PZT Pt 
50 nm 100 nm 200 nm - 
Spin Coat Recipe: 2 mL PZT spin coated at 2000 RPM for 60s 
Pyrolysis Recipe: 70°C for 2 minutes, 300°C for 5 minutes, No cooling 
Annealing Recipe: None 
Poling: None 
Notes: Major peeling during transfer between 70°C and 300°C hot plate 
Table 12. PZT VII Layers and Dimensions 
Ti Pt PZT Pt 
50 nm 100 nm 475 nm - 
Spin Coat Recipe: 2 mL PZT spin coated at 2000 RPM for 60s 
Pyrolysis Recipe: 70°C for 2 minutes, 5 seconds cooling, 300°C for 5 minutes, 5 seconds 
cooling, 450°C for 5 minutes, 60 seconds cooling 
Annealing Recipe: 700°C for 1 minute 
Poling: None 
Notes: Minor peeling during annealing, pyrolysis recipe produced crack/peeling free film 
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Table 13. PZT VIII Layers and Dimensions 
Ti Pt PZT Pt 
55 nm 97 nm 500 nm - 
Spin Coat Recipe: 2 mL PZT spin coated at 2000 RPM for 60s 
Pyrolysis Recipe: 70°C for 2 minutes, 5 seconds cooling, 300°C for 5 minutes, 5 seconds 
cooling, 450°C for 5 minutes, 60 seconds cooling 
Annealing Recipe: 600°C for 5 minutes 
Poling: None 
Notes: Bottom electrode peeled during second PZT deposition in spin coater 
Table 14. PZT IX Layers and Dimensions 
Ti Pt PZT Al 
20 nm 200 nm 400 nm 100 
Spin Coat Recipe: 2 mL PZT spin coated at 2500 RPM for 70s 
Pyrolysis Recipe: 70°C for 2 minutes, 5 seconds cooling, 300°C for 5 minutes, 5 seconds 
cooling, 450°C for 5 minutes, 60 seconds cooling 
Annealing Recipe: 700°C for 5 minutes 
Poling: None 
Notes: Annealing and pyrolysis produced crack/peel free PZT film. This is a good recipe. 
However, adhesion between bottom electrode and silicon dioxide layer was insufficient 
and bottom electrode peeled when protective tape was removed to expose the poling pad 
Table 15. PZT X Layers and Dimensions 
Ti Pt PZT Al 
20 nm 200 nm 130 nm 100 
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Spin Coat Recipe: 2 mL PZT spin coated at 2500 RPM for 70s 
Pyrolysis Recipe: 70°C for 2 minutes, No cooling step, 300°C for 5 minutes, 5 seconds 
cooling, 450°C for 5 minutes, 60 seconds cooling 
Annealing Recipe: 540°C for 20 minutes 
Poling: None 
Notes: Forgot to do cooling step between 70°C and 300°C hotplate transfer, the PZT layer 
peeled from the center immediately  
Table 16. PZT XI Layers and Dimensions 
Ti Pt PZT Al 
50 nm 50 nm 237 nm - 
 
Spin Coat Recipe: 2 mL PZT spin coated at 2000 RPM for 100s 
Pyrolysis Recipe: 70°C for 2 minutes, Cool 10 seconds, 300°C for 5 minutes, 10 seconds 
cooling, 450°C for 5 minutes, 60 seconds cooling 
Annealing Recipe: 650°C 4 hour linear ramp in GCF furnace with 12 hour cooling 
Poling: None 
Notes: Good sample with minor peeling, used for SEM analysis. Diced into test wafers for 
initial XRD testing 
PZT XII Layers and Dimensions not recorded 
Table 17. PZT XIII Layers and Dimensions 
Ti Pt PZT Al 
50 nm 50 nm 790 nm 100 nm 
 
Spin Coat Recipe: 2 mL PZT spin coated at 2000 RPM for 100s 
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Pyrolysis Recipe: 70°C for 2 minutes, Cool 10 seconds, 300°C for 5 minutes, 10 seconds 
cooling, 450°C for 5 minutes, 60 seconds cooling 
Annealing Recipe: Described in Section III.B.2 
Poling: None 
Notes: Major peeling during second spin coating, first layering was adequate 
PZT XIV Layers and Dimensions not recorded 
Table 18. PZT XV Layers and Dimensions 
Ti Pt PZT Al 
50 nm 50 nm 392 nm 200 nm 
Spin Coat Recipe: 2 mL PZT spin coated at 2000 RPM for 100s 
Pyrolysis Recipe: 70°C for 2 minutes, Cool 10 seconds, 300°C for 5 minutes, 10 seconds 
cooling, 450°C for 5 minutes, 60 seconds cooling 
Annealing Recipe: Described in Section III.B.2 
Poling: 20 minutes at 100°C, Field Strength 2 kV/mm 
Notes: Minor peeling, wafer adequate for testing and mask application 
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Figure 50. Wafers I-XV During Various Stages of the Deposition 
Process 
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APPENDIX B.  TWO MASK CANTILEVER DESIGN 
To determine d31 using Equation 6, it is necessary to use a cantilever with a beam 
possessing a purely rectangular geometry; the bridge depth and seismic mass depth must 
have the same value. It is possible to construct a cantilever with these dimensions using 
only Mask I and II. The same technique described in Sections III.D and III.F can be used 
to release the cantilever II beams from the substrate. In Section III.F, the bosch topside etch 
was only used to etch 50 μm into the substrate. This design requires that etches continue 
until the structure has been released. Because this design requires the beam to be 
rectangular in nature, there is no seismic mass. The lack of a seismic mass will significantly 
increase the fundamental frequency of the cantilever. To reduce this value, a 300 μm silicon 
wafer is used in lieu of the 525 μm wafer used in earlier designs. Additionally, this recipe 
requires that Ti is bonded directly to the silicon substrate; unlike the previous designs, this 
design does not require a silicon dioxide protective layer. This design will require the 
reapplication of the SPR mask multiple times throughout the course of the etch process. 
The mask application method described in Section III.F can be used for this effort. Table 
19 lists the layers and thicknesses associated with the two mask cantilever design. Using 
COMSOL Multiphysics Finite Element Software it was determined that the cantilever’s 
fundamental frequency value is 181 kHz. Additionally, Figures 51 and 52 show the 
cantilever’s bending motion and cross-sectional dimensions, respectively. 
Table 19. Two Mask Cantilever Layer Materials and Thicknesses 
Layer Material Thickness 
5 Al 200 ± 10 nm 
4 PZT 1 µm ± 100 nm 
3 Pt 50 ± 10 nm 
2 Ti 50 ± 20 nm 
1 Si 300 ± 1 µm 
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Figure 51. Two Mask Cantilever Bending Motion 
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Top left – XY cross section viewed from the top; top right – XY cross section viewed from 
the bottom; bottom left – XZ frontside cross section; bottom right – YZ cross section 
Figure 52. Two Mask Cantilever Cross Sectional Dimensions 
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